Introduction: The effects of lead on children's health have been widely studied. Aim: To analyze the correlation between the long latency auditory evoked potential N2 and cognitive P3 with the level of lead poisoning in Brazilian children. Methods: This retrospective study evaluated 20 children ranging in age from 7 to 14 years at the time of audiological and electrophysiological evaluations. We performed periodic surveys of the lead concentration in the blood and basic audiological evaluations. Furthermore, we studied the auditory evoked potential long latency N2 and cognitive P3 by analyzing the absolute latency of the N2 and P3 potentials and the P3 amplitude recorded at Cz. At the time of audiological and electrophysiological evaluations, the average concentration of lead in the blood was less than 10 ug/dL. Results: In conventional audiologic evaluations, all children had hearing thresholds below 20 dBHL for the frequencies tested and normal tympanometry findings; the auditory evoked potential long latency N2 and cognitive P3 were present in 95% of children. No significant correlations were found between the blood lead concentration and latency (p = 0.821) or amplitude (p = 0.411) of the P3 potential. However, the latency of the N2 potential increased with the concentration of lead in the blood, with a significant correlation (p = 0.030). Conclusion: Among Brazilian children with low lead exposure, a significant correlation was found between blood lead levels and the average latency of the auditory evoked potential long latency N2; however, a significant correlation was not observed for the amplitude and latency of the cognitive potential P3.
INTRODUCTION
Lead, which is a naturally occurring metal, is widely used in industrial practices and is considered one of the most common environmental contaminants. In this sense, factors such as the generalized contamination of the environment by lead, the wide variety of toxic effects associated with it, and the millions of people affected worldwide independent of the level of nation development, make lead poisoning a public health problem (1) .
Aware of these factors, the Center for Disease Control and Prevention (2) pointed out the adverse health effects caused by increasingly lower concentrations of lead important recommendations were to change the benchmark of the concentration of lead in blood to 5 μg/dL for children aged 1 to 5 years, and to update this benchmark concentration every 4 years (CDC, 2012) (3).
The issue of lead exposure and its deleterious effects to health in infants began to be recorded in the last century. However, the severity of the problem was recognized only when the scientific evidence began to accumulate, and the initial sense of disbelief regarding the association between lead and its deleterious effects in children became a worldwide concern.
Thereafter, researchers from different parts of the world attempted to present their local findings concerning lead exposure in children through publications. For example, a study from Ecuador investigated the blood concentrations of lead and mercury with the auditory function of schoolage children from a contaminated area (4) and a study from Egypt analyzed the blood lead concentrations and the impact on the cognitive function of children living in areas of low and high lead contamination (5) . In Chile, the longterm effects of lead contamination were assessed in children from an agricultural community in the southern part of this country, in which the flour produced by a local plant was contaminated (6) . Finally, a study from Canada evaluated the relationship between the neurotoxicity of lead and the potential related to the event (P300) of children from Arctic Québec (7).
In Brazil, several studies (8-10) investigated different trends of lead exposure in children after the occurrence of an ecological accident caused by a battery manufacturing plant located in the city of Bauru/São Paulo. These studies attempted to clarify the aspects related to the impairment to these children's health and raised environmental and social questions that an ecological accident of such proportion is capable of triggering.
The consensus in the international literature is that children with more than 10 μg/dL of lead in their blood can show the following symptoms: deficits in attention, sleep, cognition, psychomotor function, short-term memory, visuospatial abilities, and language as well as apathy, headaches, convulsions, IQ reduction, hearing loss, aggressive behavior, mental retardation, abdominal and joint pain, nephropathy, anemia, and even death (5, (11) (12) (13) (14) (15) (16) . Recent data have indicated that impairment of cognition, attention, and behavior can occur in children with blood lead concentrations around 3-5 μg/dL (17, 18) .
The nervous system is considered one of the systems that is most vulnerable to the toxic action of lead, and studies have shown that the peripheral as well as the central portion of this system can be affected. However, children appear to be much more susceptible to alterations of the central nervous system (19) (20) .
A consensus has not been reached about the influence of lead in the auditory system or which portion, peripheral and/or central, would be altered (4, 8, (21) (22) (23) .
One of the examination methods used to evaluate auditory processing and its association with lead is the cognitive auditory evoked potential P3, which is defined as a neurophysiological procedure that can be used to measure the cerebral processes that are necessary for cognitive functioning but cannot be observed directly through behavior (7) . This potential is a response from an individual to a target stimulus within a series of occasionally different stimuli. Intracranial or electromagnetic records of surfaces suggests that the generation of this potential is related to multiple local cortical areas such as the frontal cortex, the central parietal cortex, and the auditory cortex, thus involving cognitive and auditory functions (24) .
Research studies that used the cognitive potential P3 for evaluating lead-exposed individuals and a control group presented findings that range from latency delay (25, 26) , reduction of the amplitude of the P3 component (7), to the absence of an association between the P300 and the blood lead concentration (22) .
Thus, the objective of the present study was to analyze the correlation of the long latency auditory evoked potential N2 and cognitive P3 with the level of lead poisoning in Brazilian children.
METHOD
This transverse study was approved by the Ethics Committee of the institution (process number 27/2005). All adults who were legally responsible for the children who participated in the study received an orientation, signing a Term of Free and Clarified Consent after reading the patient information letter.
Selection of the Casuistry
Children aged between 7 and 14 years with a history of lead poisoning and whose blood lead concentration was above 10 μg/dL in the first blood sample obtained were selected. The Health Department of the city of Bauru in the state of São Paulo, Brazil, was responsible for the lead poisoning analysis, which was carried out in 4 stages over a period of 2 years. The values of lead concentration found in the blood of the selected children are presented in Figure 1 .
The audiological and electrophysiological evaluations were carried out between the third and fourth blood collections, in which the median lead concentration level was lower than 10 μg/dL. However, for the purpose of analysis, individual lead concentration values were considered.
Casuistry
The study participants were 20 children with low levels of lead poisoning (13 males and 7 females).
Basic Audiological Evaluation
Initially, anamnesis was used in order to obtain information about risk factors for auditory deficiency or mental alterations that could interfere with the results. Children with these conditions were excluded. A Madsen audiometer, a Midmate model 622 with TDH-39 phones, and an immittanciometer (Interacoustics, model AZ 7), were used for the conventional audiological evaluation, which consisted of liminar tonal audiometry, the speech recognition threshold, and tympanometry. The following parameters were used to indicate the absence of hearing loss: auditory thresholds <20 dB HL (27) , a frequency range of 500-4 kHz, and a tympanometry curve type A(28).
Long Latency Auditory Evoked Potential N2 and Cognitive P3
The long latency evoked potential N2 and cognitive P3 were determined using the Biologic Evoked Potential System (EP) in a quiet room, with 3A insertion phones. Disposable electrodes for electroencephalography, AG/ AGCL model, with an individual impedance lower than 5 KW and impedance inter-electrodes lower than 2 KW were used. The active electrodes were placed in Cz and Fz and connected to input 1 of channels 1 and 2, respectively, of the pre-amplifier. The reference electrode was located in the right mastoid, in input 2 of channel 1, and was interconnected to channel 2 by jumper of the pre-amplifier. The ground electrode was placed in the Fpz position. The electrodes were arranged according to the ten-twenty electrode system (29) .
The examination was carried out with the child lying comfortably with their closed eyes to eliminate artifacts caused by eye movement.
The stimulus used was a 2000-Hz frequency rare tone burst with infrequent presentation (oddball paradigm), unexpected and random, with a 20% probability of the presentation of another 1000-Hz frequency tone burst stimulus presented with an 80% probability, with a moderate intensity (80 dB HL). The presentation rate was 1 stimulus per second, with a filter passband from 1 to 25 Hz. The initial record received a low pass digital filter with a cutoff frequency of 25 Hz. The child was asked to identify the rare stimulus through a hand signal.
Evaluation Parameters
The absolute latency (ms) of the N2 and P3 potentials and the amplitude (mV) of the P3 registered in Cz were analyzed. The N2 and P3 potentials were considered to be present when a stimulus was recorded in Fz and Cz simultaneously, as proposed in a previous study (30) .
The results obtained in Cz were subjected to descriptive statistical analysis (average, median, standard deviation, minimum value, and maximum value) and to Pearson's coefficient of correlation in order to verify the correlation between the level of lead poisoning and the latency values of the N2 and P3 potentials and the amplitude of P3. The significance level used was p < 0.05.
RESULTS
In the conventional audiological evaluation, all children presented hearing thresholds lower than 20 dB HL for all of the tested frequencies. Tympanometry demonstrated normal functionality of the spandrel-ossicular system.
The descriptive statistical analysis of the latency values of the N2 and P3 potentials and the amplitude of P3 obtained in the evaluated children are presented in Table 1 .
The result of the Pearson's coefficient of correlation for the values of lead poisoning found in the blood of all Correlation analysis of the long latency auditory evoked potential N2 and cognitive P3 with the level of lead poisoning in children.
Alvarenga et al. Table 2 .
DISCUSSION
The present study was performed in children with a history of lead exposure, which indicates an initial lead concentration higher than the maximum limit of blood lead considered acceptable (10 μg/dL) (2). Follow-up measurements of blood lead level in the 20 children demonstrated a reduction in the median blood lead concentration over the period of the 4 analyses: the median lead concentration level was almost 15 μg/dL in the first and second collections, but was below 10 μg/dL in third and fourth collections (Figure 1 ). This result was obtained from the establishment and execution of actions that aimed to reduce the lead exposure of the population in the contaminated area, through the complete recovery of the soil, underground and surface waters, and vegetation.
The toxic nature of lead allows it to affect numerous biological activities. Lead promotes alterations that range from the biochemical to the clinical level due to its capacity to reach and accumulate in almost all organs of the human body, especially the central nervous system, and its most deleterious effects are observed after long-term exposure (31).
Several mechanisms have been proposed to explain the neurotoxic actions of lead. These include biophysical alterations of the cellular membrane, alterations in cellular signaling, loss of neurotransmitters, and oxidative stress. Oxidative stress causes free radical accumulation that can result in dysfunctions and cellular death; this mainly occurs in neuronal cells because they are highly sensitive to free radicals (32) . Thus, it is believed that lead affects several biologically significant processes, including energetic metabolism, apoptosis, protein maturation, and genetic regulation. The molecular alterations previously described can interfere with important processes during neurological and psychiatric development. Brain damage caused by lead occur mainly in the prefrontal cortex, cerebellum, and hippocampus, which are the regions responsible for cognitive function, execution of motor skills, and memory, respectively (33) .
A consensus does not exist in the literature regarding the blood lead concentration that is harmful to the auditory system. Some studies demonstrated that exposure to lead, even at low concentrations, harms hearing (34, 35) and nervous conduction in the auditory system (35) . On the other hand, other studies (7, 26) stated that blood lead concentrations between 30 and 40 μg/dL are necessary to affect the latency of the cognitive potential P3.
Although the present study evaluated children who did not exhibit hearing loss, an important finding was obtained with regard to the auditory attention ability necessary for processing the acoustic signal.
The cognitive potential P3 was recorded in 19 children (95%). Similar to the studies mentioned previously, no significant correlation was found between the latency and the amplitude of the cognitive potential P3 and the average lead concentration (Table 2 ). This finding is probably justified by the fact that the children had lead concentrations higher than 30 μg/dL (Figure 1 ).
However, a significant correlation was found between the latency of the auditory potential N2 and the average lead concentration, demonstrating that the children with a high blood lead concentration had the highest latency values of the N2 potential ( Table 2 ). Given that the N2 potential is endogenous and highly related to attention (36) , this finding suggests that children with lead contamination can exhibit attention deficit, as described in a previous study (12) . Attention is a multimodal process that is essential for processing selected information and, consequently, for learning. Therefore, it is important to highlight the importance of behavioral evaluation of the auditory abilities, especially auditory attention, in children with low lead exposure in order to identify possible alterations and to consider appropriate interventions for preventing delays in the global and academic development of the child.
CONCLUSION
We found a significant correlation between the median lead poisoning value and the latency of the long latency auditory evoked potential N2 in Brazilian children with lead poisoning, but a similar correlation was not found for the latency and amplitude of the cognitive potential P3. 
